Experimental
Introduction
Lead is widely spread in the environment not only because of its natural source, but also its industrial use. Its uptake into the biological chain is hazardous to health due to its high toxicity, even at trace levels. 1, 2 Hence, the determination of lead content in environmental samples usually demands very sensitive analytical techniques.
Electrothermal atomization atomic absorption spectrophotometry, inductively plasma atomic emission spectrometry and colorimetric determination with dithizone 3 are the most common methods generally used. The dithizone method is based on the formation of lead dithizonate, which is easily extracted in chloroform and carbon tetrachloride, and is highly absorbent in the visible region, thus being the lowest cost methodology despite the toxicity of the reagents used. 4 The use of analytical manifolds based on continuous-flow techniques 5 is an important step towards employing a cleaner and more economical methodologies for the determination of lead. Therefore, automated approaches of lead determination by the dithizone method, in which on-line liquid-liquid extraction is carried out to minimize pollution and toxicity, were proposed. 6, 7 Alternatively, different reagents were used for lead preconcentration, such as crown ether DC18C6, 8 or an ammonium solution of ammoniumpirrolidyndithiocarbamate (APDC) in 4-methyl-2-pentanone (MIBK) coupled to flame atomic absorption spectrophotometry. 9 Later, systems based on lead preconcentration in chelating resins, Chelex or Dowex-X8, placed on-line and using expensive detectors, such as flame 10, 12 or electrothermal atomization 13 atomic absorption spectrophotometers, were also available.
The colorimetric determination of lead based on its catalytic effect on the reaction of resazurine reduction caused by sulfide in an alkali medium was recently proposed.
14 This reaction was also automated through the use of the flow-injection analysis technique, 15 which presented an advantageous short reaction time apart from a simple configuration. In either case, the selectivity of the reaction was not very good, and thus a laborious sample treatment involving the addition of several masking agents and removal by extraction of the complexes formed was required. Nevertheless, this methodology promotes clean determinations at lower costs when compared with atomic absorption spectrophotometry. The present work proposes an analytical procedure based on the sequential injection analysis concept to accomplish this methodology. Sequential injection analysis (SIA) comes next to the evolution process of the continuous-flow analysis concept because it is more robust and versatile, and is characterized by the use of discrete solution volumes and variable-flow conditions throughout the analytical cycle. 16 In order to increase the reaction selectivity for lead, a simpler treatment of the samples with potassium iodide and retention of the iodocomplexes formed in an anionic resin AG1 X8 placed on-line is proposed.
The development of a sequential injection analysis manifold for the colorimetric determination of lead in water samples is described. The concentration of lead was assessed from its catalytic effect on the reaction of resazurine reduction caused by sulfide in an alkali medium. To that effect, the reaction zone was stopped at the detector, and the time interval required for the attainment of an absorbance decrease of 0.800 at the wavelength of 610 nm was estimated. Interference of other transition metals of the samples was minimized by adding potassium iodide to the sample and retaining the iodocomplexes formed in an on-line anionic resin (AG1 X8). A solution of 0.5 mol/L sulfide was daily prepared in a 50 mL volumetric flask by the dissolution of 11.00 g Na2S·XH2O (X = 7 -9) in water.
A stock solution of 2 g/L resazurine was prepared by dissolution of the dry product in 100 mL of water.
In order to enable the formation of the lead iodocomplexes, a 0.1 mol/L potassium iodide solution in HC1 0.01 mol/L was prepared. A 2 mL aliquot was taken from this solution and added to 2 mL of each sample prior to analysis.
A solution of 2 mol/L NaOH was used for elution of the iodocomplexes retained in the resin.
The resin column was prepared by packaging in an acrylic column with a length of 2 cm and 1.6 mm diameter particles of an anionic resin AG1 X8 ranging from 50 to 100 mesh. To avoid the loss of these particles during the preconcentration and elution steps, two small pieces of polyurethane sponge were placed at both ends.
Apparatus
The system was developed using an 8-port stream selecting valve, Model Cheminert TM C15-3118E (Valco Instruments, Houston) (Fig. 1) . The central port of the valve was connected to a Gilson Minipuls 3 peristaltic pump by means of a PTFE tube with 0.8 mm i.d. that was coiled as an "8" shape on a plastic net. The pump was equipped with a Gilson PVC propulsion tube with 0.76 mm i.d. Side ports 5 and 6 of the selecting valve were connected to two inlet ports of a 4-port 2-position rotary valve from a Rheodyne Model 5020. One of the remaining inlet ports of this valve was connected to an acrylic mixing chamber, presenting an inner volume of 500 µL, and fitted with a magnetic rod to promote the mixture. The column comprising the resin was located at the valve loop so that it could be easily displaced to port 5 of the selecting valve when the iodocomplex was retained and to port 6 at the elution step. A Jenway 6100 colorimeter, settled to the wavelength of 610 nm and equipped with a Helma 178.712QS flow cell with 18 µL optical volume was used as the detector. The analysis of samples by the reference procedure was accomplished with an electrothermal atomization atomic-absorption spectrophotometer from Perkin Elmer (Model ZL4100).
Methods
Application of the analytical procedure to the analysis of water samples was achieved in a cycle comprising 12 steps (Table 1) . First, about a 750 µL sample was aspirated to the holding coil HC, and then pumped through the resin after the fluid-selecting valve being rotated to port 5 and the flow being reversed in the peristaltic pump.
Two aliquots taken from the resazurine and sulfide solutions, respectively, were aspirated at the third and fourth steps of the analytical cycle and sent to the mixing chamber. At the sixth step, the valve containing the resin was actuated and the lead retained was eluted by passing an aliquot of 93 µL hydroxide in the direction opposite to the iodocomplex retaining flow towards the mixing chamber. After actuating the rotary valve, 306 µL of the solution contained in the mixing chamber was sampled and sent towards the detector. The flow was automatically stopped when the maximum absorbance was recorded at the detector, and then the time interval required for a variation of 0.8 units absorbency was monitored. Afterward, the flow was also automatically reset for 14 s at a 3.2 mL/min flow rate. During this time interval the mixing chamber was cleaned by pumping the water used as the carrier at a 3.2 mL/min flow rate.
The present analytical procedure was optimized in two steps. The several chemical parameters (reagents concentration and volumes) as well as hydrodynamic ones (flow rates, sample and reagents sampling sequence) affecting the reaction selectivity were first studied. Three solutions containing 25, 50 and 100 µg/L lead, were used. The second step was aimed at optimization of the conditions for lead retention in the resin.
Results and Discussion

Optimization of the flow conditions
The effect of the sulfide solution concentration and the volume on the reaction sensitivity was assessed using a 20 µL volume for the resazurine solution and 310 µL for the lead solution. It was found that a constant sulfide concentration and increasing aspirated volumes from 40 to 80 µL corresponded to diminishing time intervals in which an 0.8 units absorbance variation occurred. This enabled us to conclude that higher amounts of sulfide in the reaction medium corresponded to an increase in the velocity of the non-catalyzed reaction, thus corroborating the behavior previously reported by other authors.
14 This behavior was further proved when the sulfide concentration was increased within the range of 0.5 to 2 mol/L. With respect to the volume and concentration of the resazurine solution formerly aspirated between the reducing agent and the sample, it was found that the reaction extent was proportional to the concentration, ranging from 1 to 2 g/L, and to the volume, ranging from 20 to 70 µL when the concentration was the same. In order to accomplish a compromise between the reaction velocity and economy of the reagents, the lowest volume and mean concentration of 1 mol/L for the reducing agent as well as a 35 µL volume and 2 g/L concentration for the resazurine solution were set.
The extent of the lead catalytic effect on the reaction is naturally dependent upon the amount of lead present in the reaction medium. This aspect can be enhanced by increasing the volume of the different calibrating solutions aspirated. In effect, the catalyzed reaction increased with a sample volume ranging from 50 to 300 µL. Higher volumes did not promote a significant sensitivity improvement, and thus the latter volume was set for following studies. Furthermore, it was found that, after aspirating the reagent and the sample, these should be propelled at a 0.45 mL/min flow rate for 64 s so that the catalytic effect would be maximal. The sequence of aspiration of the solutions was equally evaluated using six feasible sequences while considering the sensitivity of the determinations. The most sensitive results were attained with an aspiration sequence of a sulfide-resazurine-sample. In fact, these conditions assured that sulfide and resazurine reached the mixing chamber. The latter was the first to enter in the chamber, and due to its volume optimization a better robustness was assured regarding small irreproducibilities when the mixture was being propelled. The time interval determined for the absorbance variation allowed analytical sensitivity as well as a linear response range between the analytical signal and the lead concentration in the sample to be easily controlled. Therefore, the relationship between the time interval required for decreasing the absorbency and the linearity of the calibration curve was evaluated.
Using the same volumes and concentrations previously optimized, it was found that a variation of 0.8 units absorbency provided a linearity until 100 µg Pb concentration in the sample. Increasing the variation range to 1 unit absorbency promoted an improvement of the sensitivity, although the analysis cycle was also extended and linear calibration was only attained until 25 µg Pb.
Minimization of interfering species
The determination of trace species based on their catalytic effect is generally not very selective, though it is sensitive. 17 Considering the methodology applied in the present work, copper(II), cobalt(II), nickel(II) and iron(III) do interfere even at concentrations lower than 0.1 mg/L. 14 Aiming at minimization of these interferences, chelates specific for each interfering species were previously added and then extracted by organic solvents. 15 This laborious treatment of the sample requires toxic solvents that make it prone to contamination and deviate any interest in the analysis automation. Unlike the species described before, lead forms iodocomplexes in an acid medium. Therefore, it can be separated from the sample matrix by retention of the iodocomplex in the anionic resin, thus eliminating interferences caused by other transition metals. The anionic resin AG1 X8 was selected in this work to prepare a column placed as the loop of a 2-position valve (Fig. 1) . A 90 µL aliquot of 2 mol/L of NaOH solution was used as the eluent, this being sufficient to enable the iodocomplex retained to be displaced by a mass effect without the occurrence of memory effects. Using calibrating solutions with Pb concentrations of up to 100 µg/L proved the influence of the volume preconcentrated within the range of 375 to 1000 µL. A 750 µL volume was selected, since it assured the best sensitivity and speed for the results. Under these conditions, no interference was found from these species.
Real samples analysis
The quality of the results obtained with the proposed system was assessed by analyzing 10 different samples of drinking water and comparing the results with those given by the electrothermal-atomization atomic absorption spectrometric procedure. The obtained results (Table 2) 
Conclusions
The proposed procedure enables the accomplishment of the determination of lead in water samples in the same analytical range as ETAAS in a more economical, albeit clean, fashion. Albeit being sensitive to several cationic species, a preconcentration step of the lead iodocomplex enabled increased selectivity for the catalytic reaction. 
